Abstract: Life-cycle management combined with degradation diagnosis is useful for preventing an unexpected failure, extending service life of an electric power apparatus and minimizing life-cycle cost. In our previous paper, we proposed a method of life-cycle-cost evaluation based on TBM, and evaluated the economic effect of degradation diagnosis. To carry out reliable life cycle management, however, accurate data on the relation between extent of degradation and failure probability or remaining life as well as a well-established diagnostic method are necessary. Therefore, we have examined the influence of accuracy of the data used to determine the optimum diagnostic parameters and have evaluated how the life cycle cost is affected by the employment of inaccurate data. As a result, we have confirmed that the optimized diagnosis interval is influenced by change in failure probability, and the life cycle cost increases greatly when the inaccurate measured data give longer diagnostic interval and looser diagnostic criterion as the optimum diagnostic parameters.
INTRODUCTION
Degradation diagnosis is useful for preventing an unexpected failure and extending service life of an electric power apparatus [I] . However, diagnosis requires cost and diagnosis interval and a criterion for replacement are economically important. Therefore, due to the recent trend toward deregulation, it is important to determine the optimum diagnostic parameters to minimize the asset management cost. We proposed a method of life-cycle-cost evaluation of degradation diagnosis for XLPE power cables using the data on actual water-tree degradation. As a result, it was confirmed that the diagnostic parameters which minimize the life cycle cost could be determined. This, however, assumed that the relations between the maximum water-tree length and the failure probability and between the degradation time and the maximum water-tree length were known. In the actual situation, the number or accuracy of data is often insufficient to enable precise evaluation. Therefore, it is important to study effects of accuracy of data on the calculated optimum diagnostic parameters and resultant life-cycle cost.
LIFE-CYCLE-COST EVALUATION BASED ON DEGRADATION DIAGNOSIS OF CABLES USING MAXIMUM WATER-TREE LENGTH

Life-Cycle-Cost Evaluation
For water-tree degradation of XLPE cables, water-tree length is considered to be a suitable measure of degradation [2] . Especially the maximum water-tree length is an effective index correlates the extent of degradation condition and the breakdown voltage. In our method, the maximum water-tree length i s adopted as a measure of water-tree degradation. The assumptions made are as follows.
Diagnosis is performed periodically and it is possible to determine the maximum water-tree length without destroying a cable. The criterion for cable replacement is that the maximum water-tree-length is longer than the critical length Lc [pm].
*
The procedure of calculation is shown below. I. Determination of the probability density distribution of the maximum water-tree length in each year and the relation between the cable failure probability and the maximum water-tree length from the measured data.
11. Calculation of the annual failure probability and the rate of replacement due to diagnosis. 111, Calculation of the life-cycle cost.
We give a particular account of these after.
Data and its application
The accelerating-degradation data of the 6.6 kV XLPE cable [3] are used for calculating the annual failure rate ( Fig. 1 and Fig. 2 ). The length of each sample was 5 m.
The test was carried out at a frequency of lkHz, and the corresponding practical degradation time is 20 times as long as the test period. From the Weibull distribution plot of breakdown voltage for the cables with different maximum water-tree Iength (Fig. l) , the correlation between maximum water-tree length and failure probability at the maximum system voltage 4.0 kV which is equal to 1.05 times of the rated phase voltage is calculated. Then from the average maximum length of water-tree (Fig. 2) , the accumulated failure probability in each year is derived (Fig. 3) . The density distribution of maximum water-tree length for each year is also derived (Fig. 4) . By using the relations in Figs. 3 and 4, we calculated the annual failure probability of cable and the annual replacement rate of cable in the year of diagnosis. Here, the cable length was assumed 50 m and the total number of cabIes was kept constant by replacement. To avoid the cost fluctuation, the total period of estimation was chosen to be 300 years which is sufficiently longer than the estimated cable life time. By assuming the average loss by one failure (FL), the replacement expense of a cable (RE) and the expense of one diagnosis (DE), the total failure loss (TFL), the total replacement expense (TRE) and the total diagnosis expense (TDE) were calculated and then the total life-cycle cost (TC) was calculated as TFL+TRE+TDE.
Calculation of optimal diagnostic conditions and usefulness of diagnosis
We put the number of cables 10000 and calculated the life cycle cost by changing the diagnosis interval and the replacement criterion. Figure 5 shows the result when FL is 100, RE is 1 and DE is 0.1. This implies existence of optimal diagnosis interval and replacement criterion. Similar results were obtained for different set of FL, RE and DE, suggesting the proposed method for life-cycle-cost evaluation is useful for determining optimal diagnostic conditions. 
INFLUENCE OF DATA ACCURACY
As mentioned above, it is possible to determine the optimal diagnosis interval and replacement criterion by using the proposed method. This, however, assumes that accurate and sufficient data on degradation and failure are available. In reality the available data are often inaccurate and/or insufficient and this influences the determination of the optimal diagnosis conditions. Therefore, in this chapter we intentionally produce data sets which are different from the base data used in the previous chapter to express the inaccuracy or insufficiency of experimental data. By using these data and assuming the base data used in the previous chapter accurate, we check how the employment of inaccurate or insufficient data affects the total life cycle management,
Influence of Weibull Distribution Data
(1) Production of inaccurate data At first we assume that the accuracy of the Weibull plot of breakdown .voltage is insufficient. This leads to inaccurate estimation of the relation between the maximum water tree length and failure probability. As shown in Fig. 7 , we have prepared 6 data sets 1 -6 which are different from the "accurate" base data. The data 1 -6 have been produced by fixing the accumulated failure probability at 1000 pm and changing the change in the accumulated failure probability with the maximum water tree length.
(2) Influence on oRtimum diagnostic parameters By using the "inaccurate" data and the base data, we calculated the optimal diagnostic parameters and the resultant life-cycle cost. Figure 8 shows change in optimized replacement criterion and diagnosis interval in the case FL : 100, RE : I , and DE : 0.1. The abscissa expresses the slope of the data in Fig. 7 normalized by that of the base data (slope : 4.3). With increasing the slope, the optimized diagnosis interval becomes short, as the increase in the accumulated failure probability between two diagnosis becomes targe.
(3) Influence on life cycle cost In the previous section, we optimized the diagnosis interval and the replacement criterion by assuming the "inaccurate" data accurate. Then, we calculated the life-cycle cost by assuming that the diagnosis and replacement were carried out on the basis of thus determined diagnostic parameters. The resultant life-cycle cost was compared with that calculated by assuming that the accurate data were available. Figure 9 shows the life-cycle cost when the inaccurate data are used (FL : 100, RE : 1, DE : 0.1) normalized by that expected by using the accurate data. When the normalized slope is in the range from 0.7 to 1.5, the increase in the life-cycle cost by using the inaccurate data is less than 10 %. However, the cost increases by 13 times when the slope is mistaken as 113 times as large as the base data, though it increases by only 1.4 times when the slope is mistaken as 3 times as large as the base data. This indicates that the loss by employing inaccurate data is significant when the inaccurate data which give much more lenient diagnostic parameters are employed. Considering that the increase in the opposite direction is "11, it is appropriate to employ diagnostic parameters which are severer than those determined by using the actually available insufficient data.
Influence of Maximum Water-tree Length Distribution Data (1) Production of inaccurate data In this section we assume that the accuracy of the annual change in the distribution of maximum water-tree length is insufficient. Hereafter, the data shown in Fig. 4 are assumed accurate and used as the base data, in which the growth rate of the average maximum water-tree length is 70 pdyear. We have prepared 4 "inaccurate" data sets in which the growth rate is 113, 1/2, 2 and 3 times as large as the base data.
(2) Influence on optimum diagnostic parameters By using the "inaccurate" data and the base data, we calculated the optimal diagnostic parameters and the resultant life-cycle cost. where the abscissa expresses the "inaccurate" growth rate normalized by the growth rate of the base data. As shown in Fig. 10 , the faster the growth rate of water-tree is, the shorter the optimized diagnosis interval is, because the increase in failure probability during the two consecutive diagnosis becomes large.
(3) Influence on life cycle cost Similarly to the case of "inaccurate" Weibull distribution plot, we calculated the life-cycle cost by assuming that the diagnosis and replacement were carried out on the basis of the "inaccurate" data. Figure 11 shows the resultant life-cycle cost normalized by that expected by using the accurate base data. Figure 11 shows that when the growth rate of water-tree is taken as 3 times as large as the accurate value, the life-cycle cost increases by 1.3 times, while when the 
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Nomixzed ncrease rate ofaverap ofmxmmwater we kngth Fig 1 I Rise In life cycle cost and normalized increase rate o f average of maximum water-tree length growth rate is taken as 113 times, the life-cycle cost increases by 6 times. This inhcates that the loss by employing inaccurate data is significant when the inaccurate data whch give much looser diagnosis parameters are employed. Considenng that the increase in the opposite direction is small, it is appropriate to employ diagnostic parameters which are severer than those determined by using the actually available insufficient data.
CONCLUSION
We proposed a method of life-cycle-cost evaluation and life-cycle management based on degradation diagnosis.
In this report, effects of data accuracy on optimized diagnostic parameters and resultant life-cycle cost have been discussed. As a result, we have confirmed that the optimized diagnosis interval is influenced by changes in failure probability and water-tree growth rate, and the life cycle cost increases greatly when the inaccurate measured data give longer diagnostic interval or looser diagnostic criterion as the optimum diagnostic parameters.
Further study is required to clarify the data accuracy required for practical life-cycle management by assuming a practically available diagnostic method. It is also interesting to study effects of condition-based diagnosis and maintenance rather than the diagnosis assumed here which are carried out on the constant time basis.
